47 48 Gene loss often contributes to the evolution of adaptive traits. Conversely, null mutations 49 frequently reveal no obvious phenotypic consequences. How pervasive is gene loss, what kinds 50 of genes are dispensable, and what are the consequences of gene loss? The nematode 51 Caenorhabditis elegans has long been at the forefront of genetic research, yet only recently have 52 genomic resources become available to situate this species in its comparative phylogenetic and 53 evolutionary context. Here, patterns of gene loss within Caenorhabditis are evaluated using 28 54 nematode genomes (most of them sequenced only in the past few years). Orthologous genes 55 detected in every species except one were defined as being lost within that species. Putative 56 functional roles of lost genes were determined using phenotypic information from C. elegans 57 WormBase ontology terms as well as using existing C. elegans transcriptomic datasets. All 58 species have lost multiple genes in a species-specific manner, with a genus-wide average of 59 several dozen genes per species. Counterintuitively, nearly all species have lost genes that 60 perform essential functions in C. elegans (an average of one third of the genes lost within a 61 species). Retained genes reveal no differences from lost genes in C. elegans transcriptional 62 abundance across all developmental stages when considering all 28 Caenorhabitis genomes. 63 However, when considering only genomes in the subgeneric Elegans group, lost genes tend to 64 have lower expression than retained genes. Taken together, these results suggest that the genetics 65 of developmental processes are evolving rapidly despite a highly conserved adult morphology 66 and cell lineage in this group, a phenomenon known as developmental system drift. These 67 patterns highlight the importance of the comparative approach in interpreting findings in model 68 systems genetics. 69 70 71
Introduction 92 Gene loss is common and often has phenotypic consequences. Such losses, whether due to large-93 scale structural variation or to single nucleotide changes that render proteins non-functional, are 94 typically associated with disease states that can represent profound public health challenges 95 (Stankiewicz and Lupski 2010) . However, gene loss also frequently underlies adaptive change 96 (Albalat and Cañestro 2016) . Such losses underlie changes in leaf morphology among 97 Brassicaceae plant species (Vlad, et al. 2014 ), cold temperature resistance in flies (Greenberg, et 98 al. 2003 ), self-incompatibility in Arabidopsis (Shimizu, et al. 2008) , and pigmentation variation 99 in multiple systems (Zufall and Rausher 2004; Protas, et al. 2006; Hoballah, et al. 2007 ). 100 Similarly, selection can drive gene loss or genome size reduction in the context of experimental 101 evolution as well (Nilsson, et al. 2005; Good, et al. 2017) . The absence of a gene can even 102 promote reproductive isolation and thereby play an important role in speciation (Bikard, et al. 103 loss underlie vast developmental system drift in this genus. These patterns underscore the crucial 135 role of genomic context in understanding gene function. 136 
Results

137
All Caenorhabditis species have lost multiple genes that perform essential functions in C. elegans 138 To explore the extent and consequences of gene loss in Caenorhabditis, species-specific gene 139 losses were inferred at two levels of phylogenetic scope (the whole genus and only the Elegans 140 group, Figure 1 ). Briefly, after defining groups of orthologous proteins across 28 Caenorhabditis 141 species (Emms and Kelly 2015) , orthologous groups present in all species but one were called 142 presumptive species-specific lost genes. Here, gene loss will be assumed to be equivalent to this 143 Figure 1. Cladogram showing taxa used and phylogenetic levels of analysis (species-specific loss across all Caenorhabditis; species-specific loss in the Elegans group; only lost in C. inopinata). It is important to note that the species included in this study do not constitute all available Caenorhabditis genomes nor known Caenorhabditis species (Kiontke, et al. 2011; Slos, et al. 2017) . Throughout this manuscript, "all Caenorhabditis" refers to all Caenorhabditis species included here. The cladogram is based on the Bayesian phylogenetic analysis in Stevens et al. 2019 (Stevens, et al. 2019 ). Question marks represent nodes with low support or incongruence among methods of phylogenetic inference (Stevens, et al. 2019 ). ⚥, hermaphroditic species. type of species-specific absence, as opposed to many other possible patterns of repeated loss in 144 multiple species; here I only examined patterns of species-specific loss. 145 At both phylogenetic levels, all species exhibit multiple species-specific gene losses ( Figure 2) . 146 As the number of shared orthologous groups declines as more species are included 147 (Supplemental Figure 6 ), the number of gene losses per species is higher when considering the 148 Elegans group (mean=96, median=40, range=11-556) than when considering the genus as a all of these species exhibit species-specific gene loss ( Figure 2 ). Indeed, in the case of C. 160 inopinata, the degree of gene loss with respect to the Elegans group is high (169 lost orthologous 161 groups), despite its completely assembled reference genome (seven, chromosome-level 162 scaffolds) and high BUSCO completeness score (98.1%) (Kanzaki, et al. 2018 ). So although 163 genome quality likely inflates the extent of gene loss in some species, patterns of species-specific 164 gene loss are still detected even in high quality assemblies. 165 To understand their functional relevance, lost genes were paired with WormBase phenotype data 166 ( (Schindelman, et al. 2011 ); see methods). WormBase is a repository for biological knowledge of 167 C. elegans, notable for housing various kinds of genomic data related to C. elegans and its 168 relatives (Howe, et al. 2015) . Among these are "phenotype" terms, which constitute a formal 169 ontology used to describe phenotypes associated with genes (Schindelman, et al. 2011 ). More 170 specifically, these describe biological phenotypes that arise upon some perturbation of a given 171 gene, usually through mutation or RNAi knockdown (Schindelman, et al. 2011) . There are at 172 least 2,443 phenotype terms in WormBase, ranging from the straightforward ("embryonic 173 lethal," "no germ line") to the esoteric ("loss of asymmetry AWC," "nuclear fallout"). I paired 174 all of the C. elegans gene constituents of lost orthologous groups in each species at both 175 phylogenetic levels with their WormBase phenotype terms. Among genes with phenotypes (only 176 about 42% of C. elegans protein-coding genes were found to have phenotypes in WormBase 177 (8,514 out of 20,204)), I further classified them into two categories: essential and inessential. 178 Essential phenotypes were defined by the presence of any of these words: "lethal," "arrest," Data for list of essential phenotypes). All other phenotypes were noted as inessential. It is 182 important to note that there are multiple phenotypes here noted as inessential that are probably 183 critical for survival and that these numbers of essential genes reported here are likely 184 underestimates. Additionally, the phenotypes of genes lost only in C. elegans cannot be assessed 185 because WormBase phenotypes are derived from studies of genes that are present in C. elegans. 186 At both phylogenetic levels considered, nearly all species have lost genes that are associated with 187 both essential and inessential phenotypes ( Figure 3 ). Among the Elegans group, 36% of the C. 188 elegans genes associated with species-specific lost orthologous groups had phenotypes on 189 average (range=23%-53%), and 20% had essential phenotypes (range=0%-36%; Figure 3a ). 190 Across all Caenorhabditis, 37% of the C. elegans genes associated with species-specific lost 191 orthologous groups had phenotypes on average (range=17%-71%), and 23% had essential 192 phenotypes (range=0%-50%; Figure 3b ). Notably, C. briggsae has not lost any essential genes at 193 both levels of phylogenetic consideration; its close relative C. nigoni has also lost no essential 194 genes when considering the whole genus (although it has lost four essential genes when 195 considering the Elegans group; Figure 3 ). All other species have lost genes that are needed for 196 viability and fecundity in C. elegans. These patterns suggest that genetic functions among highly 197 conserved processes (such as embryogenesis) are rapidly evolving in this group. 198 Patterns of pleiotropy, specificity, and spatiotemporal transcript abundance among lost genes 199 Do lost genes share any common features, or can gene loss be predicted? To address this 200 question, other features of C. elegans genes associated with species-specific lost orthologous 201 groups were also examined. In addition to phenotypes, WormBase also contains "anatomy" and 202 "life stage" ontologies. These relate spatial ("anatomy") and temporal ("life stage") expression 203 patterns to genes. WormBase also contains information about pairwise interactions among genes 204 ("interaction"), which are defined by epistatic genetic interactions or physical/biochemical 205 interactions. WormBase also tracks the number of peer-reviewed scientific papers that mention a 206 given gene as a "reference count." Additionally, the domains in all C. elegans proteins were 207 defined using the 16,713 Pfam domain seed alignments and HMMER (Finn, et al. 2015) . The 208 per-gene number of unique features of all of these categories (phenotype, tissue, life stage, 209 interaction, reference count, and domain) were counted. This then provides quantitative measures 210 of: the consequential phenotypic complexity upon perturbation of a given gene (phenotype); the 211 extent of expression specificity across space and time of a given gene (anatomy and life stage); 212 the connectedness of a given gene in its biological network (interaction); the extent to which a 213 given gene has been studied (reference count); and the number of functional modules a given 214 gene has (domain). Taken together, these provide various coarse measures of genetic specificity 215 and pleiotropy. 216 All C. elegans genes associated with species-specific lost orthologous groups, irrespective of 217 species, were denoted as lost at the two levels of phylogenetic scope (Elegans group or all 218 Caenorhabditis). In addition, genes lost only in C. inopinata (within the context of the Elegans 219 group; Figure 2a and Figure 3a ) were also addressed. C. inopinata is a species worthy of 220 consideration on its own for two major reasons. First, it is the closest known relative of C. case, at all levels of phylogenetic consideration, genes that were not denoted as "lost" were 228 called "retained." Then, the distributions of numbers of WormBase phenotypes, anatomies, life 229 stages, interactions, reference counts, and PFAM domains among lost and retained genes at the 230 three levels of phylogenetic scope were compared. 231 The total number of C. elegans genes from lost orthologous groups is substantial when 232 considering both the Elegans group (1,828 or 9.0% of C. elegans protein-coding genes) and all 233 Caenorhabditis (1,903 or 9.4%). Furthermore, although these genes represent similar proportions 234 of the genome, they largely do not overlap (only 464 genes are shared among the two groups 235 (464/3,267 or 14.2%); Supplemental Figure 16 ). In the case of only C. inopinata, the number of 236 lost C. elegans genes is far less (506 or 2.5%). The distribution of ontological term numbers 237 among lost and retained genes described above also varies depending on the phylogenetic scope ). Thus, the degree of specificity and pleiotropy among lost genes depends upon the 247 phylogenetic context considered. At narrower phylogenetic scopes, lost genes tend to be less 248 pleiotropic and specific than retained genes, and as the phylogenetic scope broadens, lost genes 249 tend to resemble retained genes. 250 In addition to the ontological information accessible in WormBase, the transcriptome of C. 251 elegans has also been intensively studied (Gerstein, et Here, all species-specific gene losses are pooled and denoted as lost genes; C. elegans measures among lost and not lost (i.e., retained) genes are being compared. An effect size of -1 notes that the average value among lost genes is one pooled standard deviation lower than retained genes; an effect size of 0 (dashed horizontal line) reveals on average no difference between lost and retained genes. Error bars represent 95% confidence intervals of the effect size. Distributions of all categories for lost and retained genes across all levels of phylogenetic scope can be found in Supplemental high genetic divergence; Caenorhabditis species span a genetic distance comparable to that 314 between mice and lampreys (Kiontke, et al. 2004 ). Here, we document widespread species-315 specific gene loss, with dozens of genes being lost on average per species (Fig. 2-3) . These (3/28) of the assemblies used in this study. As the evolution of selfing has profound 335 consequences for multiple aspects of an organism's biology (Thomas, et al. 2012 ), this could 336 promote an idiosyncratic developmental system not comparable to its close relatives. Further, 337 most of the evidence used for these phenotype terms are derived from studies using the N2 strain 338 of C. elegans, which is thought to be a laboratory domesticated strain (Sterken, et al. 2015) . As 339 C. elegans N2 is biologically exceptional with respect to C. elegans as a species (Sterken, et al. 340 2015), it may not be representative of the genus as a whole. C. elegans is also divergent in its 341 regulation of small RNAs-there is ample variation in susceptibility to RNAi by feeding in 342 Caenorhabditis and C. elegans is particularly vulnerable (Nuez and Félix 2012 ). Thus C. elegans 343 may represent an idiosyncratic developmental system whose annotations belie a misleading 344 interpretation of functional gene loss. Future studies utilizing whole-genome approaches to 345 genetic function in other Caenorhabditis species (Verster, et al. 2014 ) will help to inform the 346 extent of functional diversity among orthologous genes in this group. 347 Nevertheless, while it is formally possible that C. elegans has a particularly idiosyncratic 348 biology, a much more plausible explanation for these patterns of gene loss is rampant terms per feature for each gene was used and provides crude metrics for the extent of its 388 pleiotropy (i.e., the number of phenotypes a gene has or the number of tissues and/or 389 developmental stages a gene is expressed in). 390 Intuitively, one might expect less widely expressed and less pleiotropic genes to be less 391 constrained by selection and more prone to loss. From a univariate perspective, the impact of 392 transcriptional abundance and pleiotropy on gene loss varies by phylogenetic scope (Figure 4) . 393 Patterns in genes lost only in C. inopinata and in the Elegans group largely agreed with these 394 expectations-retained genes were more likely to be expressed across all developmental stages 395 ( Fig. 4b-4c ) and have more WormBase ontology features than lost genes. However, this did not 396 hold for genes lost when considering the genus as a whole. Surprisingly, genes lost at these 397 different levels of phylogenetic consideration largely did not overlap (Supplemental Figure 16 ) 398 and revealed different patterns of differential transcriptional abundance. Specifically, genes lost 399 with respect to the Elegans group had significant but small effects on transcriptional abundance 400 across development when compared to retained genes (Figure 4b Fig. 4b-c ), this suggests that as the phylogenetic scope broadens, the impact of transcription and 405 pleiotropy (in a single reference species) on gene loss weakens. This is also consistent with 406 widespread developmental system drift and the rapid evolution of developmental processes. 407 When present, these differences in transcriptional abundance appear to span broad periods of 408 developmental time, and gene loss at broader phylogenetic levels has miniscule or no effects on 409 these traits (Fig. 4b-c) . In a principal component analysis, retained and loss genes do not overlap 410 in multidimensional space at any level of phylogenetic scope (Supplemental Figures 26-28) . 411 Furthermore, linear discriminant analysis, whose aim is to find the function that best separates 412 two groups, is also unable to distinguish lost and retain genes (although prediction is marginally 413 better in the case of genes lost only in C. inopinata (Supplemental Figure 29) ). Thus, despite 414 subtle, broad detectable differences in transcriptional abundance at discrete time points (Fig. 4b-415 c; supplemental data), these data cannot predictably distinguish genes with a tendency to be lost (Simão, et al. 2015) , reveal the C. angaria protein set as an outlier with a 63.5% completeness 439 score. This is suggestive of an incomplete protein set which would cause overestimates of gene 440 loss in this species. Thus, particularly for genomics with low completeness metrics, these are 441 likely to be overestimates of the extent of gene loss in this group. 442 Variation in genome assembly quality is more problematic for this study. Only four of the 28 443 species used in this study have chromosome level assemblies, and most of the assemblies are 444 highly fragmented ( Supplemental Figures 3-4) . Although our computational pipeline can 445 presumably overcome shortcomings in annotations through genomic alignments, it cannot 446 account for genomic regions that have not been assembled. Thus a major caveat of this work is 447 that these specific inferences of gene loss are provisional due to the high variation in 448 completeness among the genome assemblies used here. Future work using chromosome-level 449 assemblies will be required to ascertain more precise estimates of gene loss in this group. That 450 said, these estimates are not without value-most of the assemblies used here have high 451 completeness metrics (Supplemental Figure 5 ) and chromosome-level completeness would likely 452 not have much impact on the qualitative interpretation that essential genes are often lost. This is 453 consistent with essential genes being lost even in the assemblies with chromosome-level 454 completeness (Figure 3) . So although the quantitative extent of gene loss per species may be 455 overestimated, the pervasiveness of developmental system drift remains a reasonable 456 interpretation. 457 Additionally, the method of orthology assignment itself may impose biases upon inferences of 458 species-specific loss. Here, loss was defined as being present in every species but one, given 459 some phylogenetic scope. If there is rapid clade-specific genetic divergence, distance-based 460 clustering may lead to the splitting of orthologous groups. There are thousands of orthologous 461 groups that are restricted to a few species (see Supplemental Figure 6 for the example of 462 orthologous groups found only in C. remanei and C. latens) or are species-specific. Presumably 463 this can be partly explained by the emergence of clade-specific genes, but this could also be due 464 to rapid clade-specific divergence. These types of orthologs would be excluded from this 465 analysis and could actually underestimate the extent of gene loss. Additionally, as the method of 466 orthologous group inference begins with predicted protein sets, genes that are erroneously 467 unidentified in multiple species would not be included here, also underestimating the amount of 468 gene loss. And finally, there is the implicit use of parsimony in assuming gene loss throughout 469 this study. In all cases gene loss is assumed because orthologs are present in all other species; 470 there remains the possibility of multiple gene gains for any of these orthologs, although this 471 parsimony issue is likely not affecting interpretations.
472
Conclusions
473
C. elegans is a widely used model system for biomedical genetics, and it has been at the 474 forefront of metazoan genomics since the inception of the discipline. However, the organisms 475 and resources needed to place these findings in their broader evolutionary and phylogenetic 476 contexts are only recently becoming available. Here, the previously-sequenced genomes of 28 477 Caenorhabditis species revealed that all have lost genes that perform essential functions in C. 478 elegans, suggesting that developmental processes are rapidly evolving in this group. As 479 presumably essential genes are turning over rapidly, this also suggests that biological functions 480 among conserved genes may also be changing quickly. This underscores the need of comparative 481 approaches in interpreting and translating findings in model systems genetics across large 482 evolutionary distances. orthologous proteins. To determine species-specific gene losses, orthologous groups that were 503 present in every species but one were extracted. It is important to emphasize that throughout this 504 paper, "loss" will be assumed to be equivalent to this type of species-specific absence, as 505 opposed to many other possible patterns of repeated loss in multiple species; here we are only 506 examining patterns of species-specific loss. Additionally, as these orthologous groups were 507 absent only in one species, loss is the most parsimonious explanation for their absence as 508 opposed to multiple independent gains in the other species. This analysis was performed at two 509 phylogenetic levels (all Caenorhabditis species and only Elegans group species (Figure 1) ) as 510 the number of shared orthologous groups decreases with phylogenetic distance (Supplemental 511 Figure 6 ). 512 To be conservative in estimating the extent of species-specific gene loss, additional filters were 513 applied to the OrthoFinder results. OrthoFinder implements a size-normalization step to BLAST 514 bit scores in order to account for the correlation between protein length and bit score (Emms and 515 Kelly 2015). Concerned that poor gene models that inflate gene length would distort the proper 516 inference of orthologous groups, species-specific orthologous group losses as defined by 517 OrthoFinder were re-examined for best-reciprocal blastp hits with C. elegans among the results 518 described above. If putative losses were revealed to have a best reciprocal blastp hit with C. 519 elegans, they were removed from consideration as such a species-specific gene loss. 520 Furthermore, as OrthoFinder uses predicted proteins to define orthologous groups, unannotated 521 genes may be spuriously determined as species-specific losses. To address this problem, the C. 522 elegans protein constituents of putative losses were aligned to their respective genome 523 assemblies using tblastn (Camacho, et al. 2009 )(version BLAST+ 2.5.1; options -outfmt 6), 524 which searches entire translated genomes without the need of gene models. If a putative lost C. elegans, was used to capture expression dynamics and the potential for predicting gene loss. This 561 data set also included expression data for postembryonic larval stages, dauer developmental 562 stages, males, the soma, and the germ line. Here, the mean depth of coverage per million across 563 biological replicates was taken as the representative transcript level for a gene at a given stage. 564 And as only 19,712 protein-coding genes were reported as being expressed in this data set, only 565 these genes were included in subsequent analyses here. 566 All statistics were performed using the R programming language. Mann-Whitney U tests, 567 principal components analyses, and MANOVA tests were performed with the base functions 568 wilcoxon.test, prcomp, and manova. Cohen's d effect sizes were estimated using the cohen.d 569 function in the "effsize" package (https://github.com/mtorchiano/effsize/). Linear discriminant 570 analyses were performed using the lda function in the "MASS" package (Venables and Ripley 571 2013), and discriminant functions were projected back onto the data using the predict function. and code associated with this study have been deposited in Github at 635 https://github.com/gcwoodruff/gene_loss. 636 from the National Institutes of health to GCW (5F32GM115209-03) and to Patrick Phillips (R01 642 GM-102511; R01 AG049396). 643 
